The objectives of this project are to validate hydrogen fuel cell electric vehicles (FCEVs) in realworld settings and to identify the current status and evolution of the technology. The analysis objectively assesses progress toward targets and market needs defined by the U.S. Department of Energy and stakeholders, provides feedback for early-stage hydrogen research and development, and publishes results for key stakeholder use and investment decisions. Fiscal year 2018 objectives focus on analysis and reporting of FCEV driving range, fuel economy, drive and fill behaviors, durability, fill performance, and fuel cell performance. This report specifically addresses the topics of fuel cell stack durability and fuel cell performance.
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Introduction and Background
The National Renewable Energy Laboratory's (NREL's) objective in this project is to support the U.S. Department of Energy (DOE) in the technical evaluation of hydrogen fuel cell electric vehicles (FCEVs) under real-world conditions. This is accomplished through evaluating and analyzing data from the FCEVs to identify the current status of the technology, compare it to DOE program targets, and assist in evaluating progress between multiple generations of FCEV technology. DOE funds projects for the collection and delivery of data to the National Fuel Cell Technology Evaluation Center (NFCTEC) at NREL for analysis, aggregation, and reporting. The effort has been ongoing since the U.S. Department of Energy Fuel Cell Technologies Office Learning Demonstration project began in 2005.
The project partners include six original equipment manufacturers (OEMs): General Motors, Honda, Hyundai, Mercedes-Benz, Nissan, and Toyota. Three OEMs (Nissan, Toyota, and Honda) submit data under one DOE project awarded to Electricore Inc. Each project partner had more than one vehicle included in this evaluation project, referred to as a FCEV fleet, for a total of six fleets. These vehicles are a mixture of pre-commercial and commercial vehicles, operated within fleets and by individual drivers, with model years from 2005 to 2012. The Toyota Mirai and Hyundai Nexo were not included in the analysis due to lack of data contribution and/or model year not being available during the evaluation timeline. The OEMs supply on-road vehicle data to NREL for evaluation in the following categories: fuel cell stack durability, deployment (e.g., number of vehicles included), system specifications, range, fuel economy, efficiency, fill performance, reliability, drive and fill behaviors, power and energy management, fuel cell transients (e.g., frequency of rapid increases or decreases in fuel cell power), benchmarking against technical targets and typical gasoline vehicle operation, maintenance, on-board storage, and safety. The on-road vehicle data are supplied to NFCTEC at least every 3 months. More details about the project and background information can be found in the overview report (Kurtz et al. 2018 ).
Evaluation metrics, specifically in the categories of fuel cell durability, efficiency, specifications, and hydrogen storage, are derived from the DOE Fuel Cell Technologies Office Multi-Year Research, Development, and Demonstration Plan 1 (MYRD&D). MYRD&D metrics are also used in some of the composite data products (CDPs) contained in this report to benchmark progress against the target. This report specifically addresses the topics of fuel cell stack durability and fuel cell performance.
Data from the current technology validation project are incorporated into the results of previous vehicle technology validation projects.
2 The FCEV Learning Demonstration-also referred to as the Controlled Hydrogen Fleet and Infrastructure Demonstration and Validation Project-has been ongoing since 2005 and is currently in the fourth phase. The current FCEV technology advancements and technology generations are varied between the OEMs due to their individual development and production schedules. These different phases of the Learning Demonstration project can show the trend of newer generations of FCEVs but don't necessarily correspond to the newest technology for a given year.
Durability
On-road FCEV durability has been studied by NREL for more than 10 years with multiple vehicle manufacturers and over several vehicle/fuel cell generations. Fuel cell durability results were initially published in 2006 (after one year of data collection under the first generation of the Learning Demonstration project) and then reported on for each analysis phase of the project. FCEVs in a fleet and a reporting period are of the same generation and design.
FCEVs have made steady progress toward the DOE MYRD&D 2020 target of 5,000 hours with less than 10% loss of performance (with an ultimate target of 8,000 hours at 10% loss of performance). This performance loss is characterized by the point at which 10% voltage degradation occurs when a new fuel cell stack enters service. Fuel cell power systems must be equivalently durable and reliable to compete with internal combustion engines; therefore, a target of 5,000 hours was chosen as it is equivalent to approximately 150,000 miles of conventional vehicle driving range. It is important to note that the DOE voltage degradation targets are not necessarily representative of what vehicle OEMs or industry consider end of life performance (or indicative of catastrophic fuel cell stack failure).
As of spring 2018, the Learning Demonstration projects have analyzed the data from more than 230 vehicles from the six OEMs. These vehicles have generated operational data for more than 7 million miles traveled and more than 83,000 hours of fuel cell stack operation time. As a note, most vehicles included in this study were early generation demonstration and pre-production models dating back to 2006. Data from the latest generation of commercially available FCEVs were not included in the analysis due to restrictions in contract or a lack of a contributing data partner. Figure 1 shows fuel cell stack operation hours from the start of the evaluation to present. The figure includes both in service vehicles and those that have been retired during the evaluation. Vehicles were retired due to performance loss, end of fuel cell life, end of vehicle test, or other catastrophic failure unrelated to the fuel cell system. As of spring 2018, more than 22% of the fuel cell stacks tested had more than 2,000 hours of operation with a maximum operation time of 5,648 hours (which exceeds the DOE 2020 operation hour target of 5,000 hours). Most of the in-service vehicles fall within the operation range of 1,500 to 2,000 hours as observed in Figure 1 . It is worth noting that in-service vehicles may have low operation hours due to length of service, not operational problems.
Two parameters used in this evaluation to track and validate system durability are actual operation hours and projected operation time to 10% voltage degradation. The voltage durability trend from four unique reporting periods is shown in Figure 2 , which compares fuel cell durability in operating hours to 10% voltage degradation across the various evaluation years. The operation time to 10% voltage degradation for each stack in a fleet is used to determine the fleet average voltage degradation value. This allows a comparison across fleets comprising different numbers of vehicles. Since the onset of the Learning Demonstration project in 2006 through 2016, the average fleet durability has increased 162% from 1,000 hours to 2,000 hours and the max fleet average durability has increased 129% from 2,000 hours to 4,000 hours (see Figure 2) . As fuel cell durability and the underlying fundamental technology improve, extrapolating the current trend shows that the maximum fleet durability should meet the DOE MYRD&D 2020 durability target in the next 2-4 years. However, the average fleet durability is currently not on track to meet the MYRD&D 2020 durability target. Durability is expected to increase as older model vehicles retire and newer models are added to the fleet data. Figure 3 shows the relationship between average fleet fuel cell stack voltage durability as a function of voltage drop levels. This CDP was developed to understand the progressions at higher levels of voltage degradation above the 10% voltage degradation metric and towards stack end of life. A fairly linear relationship indicates that fleet average hours of fuel cell operation may be a good predictor of overall fleet voltage drop. The data shows for the average fleet projection that 10% degradation occurs at approximately 2,000 hours and approximately 30% degradation occurs at 5,000 hours. OEMs will need to significantly improve performance to meet the DOE MYRD&D 5,000-hour target. DOE metrics may not be reflective of what OEMs consider acceptable end of life performance or related to catastrophic stack failure. Due to durability results indicating fleets are operating short of the DOE targets, an analysis was completed to take a closer look at the effects of voltage degradation on maximum power below 2,000 hours of operation time. In Figure 5 , the error bar chart shows the gradual decline of the average fleet power over time. The 25th and 75th percentiles stay relatively constant, indicating the data sets do not widely vary. The median power difference was observed to be -9.73% at 1,900 hours or roughly 10% degradation as observed in other CDPs.
For further analysis into fuel cell degradation mechanisms, reference the Chemical Reviews scientific journal article Scientific Aspects of Polymer Electrolyte Fuel Cell Durability and Degradation (Borup et al. 2007 ). 
Fuel Cell Performance
In addition to providing data about on-road FCEV durability, vehicle manufacturers provided data specific to the fuel cell power plant, allowing NREL to examine fuel cell performance in terms of power output, voltage, efficiency, and stack energy. NREL evaluated the fuel cell system operation from several different perspectives to better understand whether the unique performance characteristics were being maximized. Figure 6 and Figure 7 compare fuel cell operating time to power and voltage respectively. Figure 6 reflects a typical urban driving cycle where FCEVs spend most of the time operating below 50% peak power and a significant amount of time at or below 5% peak power (at idle). Fleet data may not necessarily be reflective of typical consumer usage based on fleet operator determined drive cycle or regional factors (i.e., high traffic). In Figure 7 the percentages of time at rated maximum voltage complement the power levels observed in the previous figure (Figure 6 ) where the fleets are spending a large amount of time at low current and high voltage (at idle and urban driving). The DOE MYRD&D 2020 target sets a goal of 65% peak efficiency at 25% rated power for direct hydrogen fuel cell power systems for transportation applications. Figure 8 provides a summary of fuel cell stack efficiency for both calculated and reported values. The calculated values are determined by the product of reported voltage and current readings divided by the fuel consumed, but they do not include parasitic losses of the balance-of-plant components or hydrogen purge losses. Fuel consumed is determined by the number of reported cells in a fuel cell stack and the Faraday constant. This results in higher calculated values than the reported system efficiency numbers recorded by the fleet operators. The reported system efficiency for the fleet at 25% rated power is approximately 57% and the calculated efficiency is approximately 60%. The DOE 2020 target is denoted by a star on the figure. While good progress has been made and the calculated values are much closer to meeting the target, FCEV manufacturers will need to make improvements to achieve the efficiency target. 
Conclusion
Through 12 years of real-world validation NREL has evaluated 230 deployed vehicles traveling 7.4 million miles of second-by-second data delivered and published more than 100 CDPs to communicate the technical results to a broad audience of stakeholders. This project addressed the critical need for data analytics to inform both early-stage R&D and commercial readiness of vehicle and station technologies. Detailed data products were sent to each contributing data partner and informed vehicle manufacturers how they compared to the overall industry performance, which supported internal R&D decisions related to range, performance, and durability. Results have also been used to inform Technical Teams 3 on progress against key technologies and identify gaps. A specific example is the fuel cell voltage degradation analysis, which provided a status against a technical target viewed as necessary for market competition. The degradation analysis also supported researchers through a comparison of single-cell voltage degradation with the fuel cell stack and balance of plant degradation. Researchers comparing test conditions and operation conditions allowed for statistical analysis of known degradation mechanisms like start/stops, transients, and time at open circuit voltage.
Significant improvements have been made in degradation and operation time of FCEV power plants since the first phase of the Learning Demonstration project, but the technology will need to improve in order to meet DOE MYRD&D 2020 targets. To date, some fuel cell stacks in the fleet have exceeded the 5,000-hour operation time target, but degradation remains an issue. Fleets are on average experiencing 10% degradation between 2,000 to 3,000 hours of operation. The data indicates that, through the rate of improvement since the first Learning Demonstration phase, technology advancement should allow fuel cell stacks to meet the target in 2-4 years.
Fuel cell performance data show that the technology will need to continue to improve to meet DOE MYRD&D 2020 targets of 65% peak efficiency at 25% rated power. FCEV fleets reported approximately 57% efficiency at 25% rated power. Voltage and power data indicate that the fuel cells are being operated at lower power levels under high voltage and low current scenarios. Power usage also mirrors range data showing that FCEVs are being driven in a manner similar to internal combustion engine cars.
FCEVs have advanced rapidly in recent years and as the automotive OEMs have released commercially available FCEV models. Performance and durability data generated during the technology validation project were crucial in validating DOE targets but also helped to update long-term targets and drive future research and development needs leading to more robust FCEVs.
NREL's website 4 will continue to be the primary repository for NFCTEC's hydrogen fuel cell vehicle and infrastructure analysis results, as well as results from technology validation of other hydrogen components and systems.
